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mRNA isoforms: 'modeling' the message
Genic sequences consist of protein-coding sequences (exons) intercalated with sequences (introns) that will be removed by splicing. Inside the nucleus, several steps at either the transcription or the splicing level are involved in modulating the final transcript. Alternative splicing (AS) results in several mRNA isoforms with different exon contributions in its sequence (Fig. 1A.1-3 ). Under certain circumstances, AS can also produce intron sequence-retaining transcripts that can be exported to the cytoplasm, where they are then degraded via the nonsense-mediated decay (NMD) pathway [1] . However, in certain cases, these intron-retaining transcripts are actually considered post-transcriptional regulatory sequences. Besides AS, the untranslated regions (UTRs) at the 5 0 -and 3 0 -ends of the transcript can alter the function of the messenger and even the coded protein. The UTRs (a) are preferentially targeted by RNA-binding proteins (RBPs), (b) are prone to RNA modifications, Abbreviations ALE, alternative last exon; APA, alternative polyadenylation; AS, alternative splicing; BrU, 5 0 -bromouridine; CDS, coding sequence; dsRBPs, double-stranded RNA-binding proteins; EJC, exon junction complex; FISH, fluorescence in situ hybridization; lncRNAs, long noncoding RNAs; MCP, MS2 coat protein; miRNA, microRNA; ncRNAs, noncoding RNAs; NMD, nonsense-mediated decay; ORF, open reading frame; PTC, premature termination codon; RAP, RNA antisense purification; RNA-Seq, RNA-sequencing; scRNA-Seq, single-cell RNA-Seq; UTRs, untranslated regions.
and (c) often fold into highly complex RNA secondary structures. This UTR-regulon helps to modulate localization, translation, and stability of the mRNA [2] . In mammalian cells, 3 0 -UTRs are often substantially longer than the coding region itself and on average exert a larger effect on protein levels than 5 0 -UTRs [3] . Transcripts are also known to have alternative polyadenylation (APA) sites, being used differently in distinct tissues and conditions, and determining the length of the 3 0 -UTR [4-6].
Alternative splicing and intron retention
Historically, introns have been considered as noncoding and nonfunctional sequences within a transcript that have been accumulated by millions of years of natural selection. Most of introns occur within open reading frames (ORFs); however, 10% of intronic sequences have been identified in UTRs. AS is the process by which exons are combinatorially joined to generate multiple mRNA variants, coding even for distinct domains inside the same protein (Fig. 1A.1 ) [7, 8] . It has been estimated that at least 95% of human genes undergo AS. The frequency of genes with AS is different between tissues, being more frequent in the brain [9] [10] [11] . Aberrant AS has been identified as both cause and consequence of many human diseases such as cancer and neurodegenerative diseases [12] . Usually, AS produces transcripts with premature termination codons (PTCs) inside the ORF [13] . PTC-containing splice variants are expressed at low level across different mammalian cells and tissues [14] , indicating that this is a tightly regulated process [15] . Moreover, AS can also affect the localization of mRNAs, leading to Alternative splicing events can also generate mRNA isoforms with an alternative last exon (ALE) that will harbor different UTR isoforms (Fig. 1A.2) [23]. Moreover, AS can lead to mRNA isoforms that have an intron retained in the coding sequence (CDS) or in the 5 0 -or 3 0 -UTR (Fig. 1A.3 ). In the past, intron retention was considered as the result of errors in splicing and/ or genetic mutations. This association is based on the link between these introns and the NMD pathway that degrades mRNAs containing an intron excision site > 55 nucleotides downstream of a termination codon [3] [4] [5] . Briefly, once the spliceosome has removed an intron from the precursor mRNA, the exon junction complex (EJC) is deposited 20-24 nucleotides upstream of the exon junction, labeling the place where the intron has been previously spliced out [ 1] ). By intentionally introducing a stop codon via a retained intron, the mRNAs of the alternatively spliced isoform are degraded by NMD [32] . If a specific RBP were increased in abundance, it could bind its own premRNA, thereby facilitating the formation of introncontaining transcripts that are subject to NMD. This negative feedback loop helps to recover cell equilibrium [33] . NMD is used as an important negative regulator at precise timings in different cellular and developmental processes. During neural development, the two splicing factors Ptbp1 and Ptbp2 are expressed in an inversely proportional manner [34] . Ptbp1 controls the AS of Ptbp2, leading to intron retention in the 3 0 -UTR of Ptbp2 mRNA and its subsequent degradation by NMD. As neurons differentiate, Ptbp1 levels decrease, allowing the expression of a Ptbp2 mRNA isoform that is not targeted to NMD. In addition, target mRNAs of both Ptbp1 and Ptbp2 are distinct. The nonlinear expression levels of both proteins during neuronal differentiation finally result in AS of their distinct targets depending on the developmental state of the cell [34] . On the other hand, mRNAs can harbor constitutive introns within the 3 0 -UTR with the idea of being degraded just after their translation, tightly regulating the expressed protein and reducing noise [35] . Alternatively, retained introns can contain binding elements important for RBP-dependent localization of the transcript [36] . Therefore, retained introns could be regarded as important cis-regulatory elements that can modulate multiple levels of gene expression. Using information about conservation and tissue-specific expression of intron-retained sequences in the UTRs will help to identify truly functional intron retention events in future.
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Alternative polyadenylation
Upon transcription and splicing, the pre-mRNA is cleaved 10-30 nucleotides after the polyadenylation signal, and a poly(A) stretch is then added to the 3 0 -end of the transcript [37] . Recent studies indicate that nearly all genes have multiple APA signals, located at different positions in the 3 0 -UTR or even within retained introns [38] . The process is called APA and results in transcript isoforms with altered 3 0 -UTR lengths (Fig. 1B) . Polyadenylation requires the recruitment and binding of the 3 0 -end processing machinery to the nascent pre-mRNA [39] . Loss of function of the cleavage factor lm68 protein, that is part of the poly (A) end processing complex, leads to a transcriptomewide increase in the use of proximal polyadenylation sites [40] . As 3 0 -UTRs usually contain several cis-regulatory elements recognized by the corresponding transacting factors, such as RBPs or miRNAs [37] , APA would regulate the presence of such regulatory sequences that mediate translational control, stability, and localization of the transcript. Recent evidence suggests that not only distinct tissues can have different gene expression levels, but even inside the same tissue there is a tight regulation or cell-specific control of gene expression, most probably due to drastic changes in the length of the transcripts upon APA ( Fig. 2A ) [41, 42] . On average, shorter isoforms show higher stability and translational activity than longer isoforms, in part due to the loss of cis-regulatory elements [43, 44] . A recent study confirmed this concept by showing that short transcripts generated via APA were highly expressed in tumor cell lines compared to nontumorigenic cell lines [45] . In addition, shorter
Activity-dependent intron splicing
Partially spliced transcripts CDS intron-retained transcripts Degradation by NMD Translation repression Transcripts with long 3 0 -UTRs localize to neuronal processes and are usually less stable, while their local translation is both promoted and tightly controlled [125] . (B) Two distinct transcript isoforms can be generated by AS of the last exons. Proximal ALE transcripts generally harbor short UTRs and result in cytoplasmic localization of the mRNA, while distal ALE-containing transcripts localize to neuronal processes, where they can be locally translated. This is thought to be caused by an increase of binding sites for trans-acting factors, like RNA-binding proteins (RBP), in the prolonged 3 0 -UTR [23] . (C) Expression levels of intron-retaining transcripts (IR) can be regulated through interaction of the EJC. Intronic sequences containing PTCs in the CDS will usually be degraded through the nonsense-mediated decay (NMD) pathway. Similar to ALE and APA, lengthening of the 3 0 -UTR by intron retention can result in mRNA localization to neural processes. (D) Specific populations of mRNAs can be stored in the nucleus by stable IR. Neuronal activation induces intron excision from the precursor mRNA (premRNA). The mature mRNA will be exported to the cytoplasm where it is available for translation [28] . Synaptic activity triggers local translation of transcripts within neuronal processes and at the synapse (in pink, synapse).
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isoforms had higher translational activity, further supporting the idea of oncogene activation by a loss of miRNA-binding sites ( Fig. 2A) [43, 45, 46] . Moreover, during neuronal differentiation, the overall 3 0 -UTR length increases due to APA and intron retention, suggesting a role in the activity-dependent regulation of gene expression to enable synaptic plasticity.
mRNA modifications
Chemical or 'epitranscriptomic' post-transcriptional modifications of the RNA are not exclusive of transfer RNAs, ribosomal RNAs, or small nucleolar RNAs. In the last years, it became clear that also mRNAs and short and long noncoding RNAs (ncRNAs) are targets for such modifications [47] . These RNA modifications can influence secondary structures, RBP binding, and degradation. This way, RNA modifications act on splicing, RNA stability, and translation, thereby helping to regulate the activity-dependent fate of the RNA.
One of the most abundant internal modifications occurring in eukaryotic mRNA is methylation of adenosines at the position 6 (N-6-methyladenosine; m6A). Recent discoveries of the locations, functions, and mechanisms of m6A have shed light on this new layer of gene regulation at the mRNA level, giving rise to the field of m6A epitranscriptomics [47] . m6A marks -as well as m1A (adenosine at position 1)-are highly conserved and dynamic. In the mouse brain, m6A is developmentally regulated and increases in adulthood. m6A appears to accumulate preferentially at the stop codon and along 3 0 -UTR, whereas m1A is selectively found around the start codon. As RNA methylation has been demonstrated to control RNA decay, temporal changes in the accumulation of m6A may serve as a signal for local degradation of messengers, for instance at the synapse. Single-cell, and even subcellular, sequencing techniques will be required to better understand the mRNA modification pattern in detail.
Genome-wide techniques to decrypt the transcriptome
Single-cell RNA-sequencing RNA-Seq has provided valuable information about the transcriptomes from homogenized tissues or cultured cells. But as tissues consist of a heterogeneous pool of cells, specific cell-type differences in gene expression are diluted. Moreover, within the same population, individual cells show differences in gene expression. An adapted single-cell RNA-Seq (scRNASeq) method provides new information about singlecell transcriptomics [48] . scRNA-Seq involves dissociation of the tissue and isolation of single cells, followed by a whole-transcriptome amplification that constructs sequencing libraries using cellular barcodes. This allows the processing of multiple cells in single reaction tubes. Latest improvements of the method were achieved by using microfluidic technologies in combination with molecular barcodes, increasing specificity while decreasing noise [49, 50] . Using this technique, not only different mRNA expression levels between distinct types of cells can be determined but also the diversity of gene expression between developmental transitions [51] . In order to characterize the length of 3 0 -UTRs in single cells, the application of scRNA-Seq has recently been improved. Velten et al. [52] developed a barcoded, 3
0 -end-specific sequencing (BATSeq) protocol where they combined unique cell barcodes with poly(dT) primers linked to unique molecular identifiers [53] . BAT-Seq permitted to determine that APA is highly variable across cell types, and that pluripotent populations express shorter 3 0 -UTRs [5]. Recently, scRNA-Seq has been further improved to differentiate between individual dividing cells in mouse newborn brain. Habib et al. [54] have developed DivSeq, combining scRNA-Seq of nuclear transcripts (sNuc-Seq) [55, 56] with pulse labeling of dividing cells by 5-ethynyl-2 0 -deoxyuridine. The application of Div-Seq to study adult neurogenesis in the CNS at different time points allowed the characterization of clustered genes with dynamic temporal expression patterns, corresponding to shifts between proliferation and neuronal differentiation, integration, or maturation.
RNA degradation has recently started to be studied at genome-wide level. 5 0 -bromouridine immunoprecipitation chase sequencing (BRIC-seq) determines the half-lives of transcripts using 5 0 -bromouridine (BrU) that is incorporated into nascent RNA during transcription [57] . BrU is added to the cell culture media and BrU-labeled RNAs are collected at sequential time points, immunoprecipitated and sequenced. Using this technique, RNA stability and decay can be measured under in vivo physiological conditions. These techniques open new possibilities to study cell diversity during dynamic developmental processes in the CNS and in other tissues, providing further information about such dynamic processes in health and disease conditions.
RNA secondary structures in vivo
Similar to DNA base pairing, RNAs often fold into complex secondary structures. mRNAs, and especially their 3 0 -UTRs, form RNA duplexes or even quadruplexes with either themselves or other RNAs. These RNA-RNA interactions are difficult to predict and characterize as they are dynamic and frequently depend on trans-acting factors. Thus, it is necessary to look at the RNA structure in vivo. Recent advances in computational and experimental methods are now enabling us to look at RNA-RNA interactions in vivo [58] [59] [60] . In this regard, RNA antisense purification (RAP) permits the identification of endogenous RNA-DNA and RNA-RNA interactions [61] . RAP performs cross-linking of the RNA complex in vivo, followed by RNA capture by antisense oligonucleotides, and subsequent RNA-Seq. Using this protocol, Engreitz et al. [62] identified the RNA-RNA interactions of two ncRNAs: U1 snRNA (a core component of the spliceosome) and Malat1 ncRNA (a highly conserved long ncRNA that interacts with multiple RNA splicing proteins) [63] . Both ncRNAs interact with nascent premRNAs via two completely different mechanisms: U1 snRNA binds to the 5 0 -splice sites and within introns, whereas Malat1 interacts indirectly through protein intermediates. Almost in parallel, three different groups identified RNA-RNA interactions in vivo at the global scale. Sharma et al. [64] characterized genome-wide ncRNA interactions using LIGR-Seq, based on the ligation of interacting RNA followed by highthroughput sequencing. They identified numerous interactions between mRNAs and ncRNAs and snoRNAs in human cells. For global mapping of RNA duplexes, Lu et al. [65] developed PARIS (psoralen analysis of RNA interactions and structures), a highly sensitive and specific method based on reversible psoralen cross-linking in vivo for global mapping of RNA duplexes. Upon exposure to UV light, psoralen is reacting with the aromatic units of the nucleobases of the RNA, building a bridge between pairing RNA bases. Using a biotinylated version of the psoralen cross-linker, Aw et al. [66] identified intramolecular and intermolecular RNA-RNA base pairing. These techniques can also be applied to the successful identification of intramolecular RNA-RNA interactions, helping to elucidate the secondary RNA structures of complex transcripts, and moreover, possible interaction sites for trans-acting factors such as doublestranded RBPs.
Marking trans-acting factors on the mRNA Many arising techniques are helping to understand how RBPs are interacting with their target mRNAs. Traditional coimmunoprecipitation of messenger nucleoprotein particles (mRNPs) has one major withdrawal: once cell integrity is broken, RBPs can potentially dissociate from their in vivo target and subsequently bind to an RNA of interest ('postlysis artifact'), yielding false positives and replacing low-affinity binding proteins from the mRNP. Traditionally, crosslinking of the RBP to the mRNA in intact cells by ultraviolet irradiation, followed by immunoprecipitation of the RBP has been used [67, 68] . However, this method is not accurate and will still pick up adventitious RNA-protein associations. Therefore, verification of the direct protein-RNA interaction in the intact cell is mandatory (see next chapter) [69] .
High-throughput sequencing of RNA isolated by cross-linking immunoprecipitation (HITS-CLIP) is able to globally map exact cross-linking sites in specific RBP-bound mRNAs to the level of single-nucleotide resolution. This technique was applied to the neuronal protein Nova which is involved in AS and intron retention events in the brain [70] . Identified Novabound RNAs were enriched in YCAY motifs, some of which were not previously known as Nova targets. Moreover, Nova HITS-CLIP tags were preferentially in intronic sequences upstream of Nova-regulated exons suggesting that Nova binds to pre-mRNA transcripts and might have a role in their processing. Similarly, HITS-CLIP has been used to generate genomewide interaction maps for other important proteins such as FOX-2 [71] , and TDP-43 [72] , and even to isolate Argonaute/miRNA/mRNA ternary complexes and map in vivo miRNA-binding sites [73] .
Alternatively, cross-linking can be performed chemically. In the photoactivatable, ribonucleoside-enhanced CLIP (PAR-CLIP) protocol, 4-thiouridine is incorporated instead of uridine in nascent mRNAs in vivo, allowing RBPs to be cross-linked to the RNA. During the reverse transcription step, the cross-linking site is converted into a cytosine, marking the binding site of the RBP [74] . As a recent example, Yokoshi et al. [75] used PAR-CLIP to identify the mRNA targets and binding sites of Ataxin-2, an RBP that recognizes AUrich elements (ARE; AUUUA) [76] . Depletion of Ataxin-2 confirmed the reduced stability of target mRNAs, while Ataxin-2 overexpression significantly increased the amount of target mRNAs, which consequently affected the amount of target protein synthesized [75] .
Despite the broad use of these techniques, the binding sites of double-stranded RNA-binding proteins (dsRBPs) such as ADAR, Dicer, or Staufen remained elusive. dsRBPs are involved in numerous steps of the post-transcriptional regulation of the gene expression [77] recognizing RNA secondary structures within the mRNA. RNA hybrid and individual-nucleotide resolution ultraviolet cross-linking and immunoprecipitation (hiCLIP) is yet another novel technique developed by the Ule laboratory [78, 79] . In hiCLIP, singlenucleotide resolution CLIP is combined with the use of specific adaptors that are eventually ligated to both strands of an RNA duplex. This permitted the identification of Stau1 mRNA targets and even the RNA duplex to which Stau1 binds to. Using this novel approach, Sugimoto et al. [78] defined the existence of inter-and intramolecular RNA duplexes. Intermolecular interactions were mainly found between lncRNAs and mRNAs, suggesting a role of the lncRNAs for guiding Stau1 to specific mRNAs. Intramolecular duplexes were found to be short and long range within a single RNA transcript. Short-range duplexes were more often located within the CDS, whereas longrange duplexes were enriched in the 3 0 -UTR of the transcripts. Stau1 binding to the three types of RNA duplex influences subcellular mRNA localization and regulates translation of the transcript. The rate of genetic variations in the duplex-forming sequences was quite small when compared with the surrounding sequences, suggesting a conserved function of shortand long-range duplexes within the organisms. Future studies using hiCLIP method now open the door to study the function of other dsRBPs, such as Dicer or ADAR, inside the cell.
Another recently developed method marks the binding site of RBPs by introducing RNA modifications [80] . In the TRIBE (targets of RNA-binding proteins identified by editing) protocol, the RBP of interest is fused to the catalytic domain of the RNA-editing enzyme ADAR. The novel RNA-editing sites are subsequently detected by RNA-Seq. This method is not dependent on a specific antibody and can be also performed with small cell numbers [80] .
RNA-Seq has also been adapted to determine the translational state of the cell at a genome-wide level. Ribosome profiling (Ribo-Seq) maps the precise positions of translating ribosomes within the transcriptome [81] . Ribo-Seq is based on the sequence-unspecific nucleolytic activity of RNase I, which degrades RNA that is not protected by ribosomes. Sequencing of the remaining RNA fragments, approximately 30 nucleotides in length, permits to determine the position of the ribosomes on the transcriptome with single nucleotide precision. Using Ribo-Seq, several novel regulatory mechanisms of translation have been analyzed in detail, such as candidate initiation start sites or alternative reading frames [82] . Alternatively, the Translating Ribosome Affinity Purification and RiboTag (TRAP-RiboTag) method takes advantage of antigentagged ribosomal proteins to pull down polysomes that allows-up in deep sequencing of the ribosome-bound mRNA-the identification of the mRNAs that are actively transcribed in the cell [83] .
In summary, these newly developed technologies will expand our understanding on structural organization of transcriptomes, and identify how RNAs are interacting with themselves and with other molecules. This new level of complexity opens further questions, of how the structures are formed and maintained and which interactors are identifying those structures and how. Future studies using all these methods in living cells from distinct tissues or conditions will shed light on the complexity of the regulation of the gene expression and how the RNA interactions contribute to the whole story.
Single molecules: insight into the function
All these genome-wide RNA-Seq methods have been yielding a wealth of novel information. However, functional insight into the role of a single RNA in the cellular context is still lacking. In order to gain information about the regulation of single RNA molecules, imaging tools have been developed.
Visualization of single mRNA molecules
The visualization of RNAs in fixed samples by fluorescence in situ hybridization (FISH) using sequence-specific probes, combined with signal amplification, is widely applied to investigate RNA localization in tissue and single cells. In order to quantitatively measure the abundance of an RNA species, single molecule FISH (smFISH) was developed (reviewed in [36] ). However, this sensitive technique has the drawback that the commercially available probes are expensive. Recently, an inexpensive new single molecule FISH (smiFISH) approach has been described [84] . The gene-specific probes for smiFISH are unlabeled, and therefore cheap to synthesize. Conveniently, the same primary probe set can be combined with differently labeled secondary detector oligonucleotides, allowing for multicolor labeling (see Edouard Bertrand's review in this Focus On special issue for details). The combination of smFISH with immunofluorescence now enabled researchers to determine whether the association between RNA and protein is direct or accidental [69] . This novel technique will help us in future to verify inside the cell whether RNA-protein interactions found by biochemical approaches such as mRNP IP or CLIP are biologically relevant.
Importantly, these methods rely on fixed samples. In order to track the transport and active recruitment of single RNAs in vivo, the MS2-RNA imaging system has been established. The 3 0 -UTR of the RNA of interest is tagged with a series of RNA stem loop structures (MS2 repeats) that are specifically recognized by the fluorescently tagged MS2 coat protein (MCP). The MS2 system has been extensively used in cultured cells [85, 86] , and was also recently applied to organotypic slice cultures [87, 88] . In those slice cultures, resembling the in vivo environment of the developing cortex, the authors could show that there is active, direct transport of mRNAs in the basal process of radial glial cells (see Debra Silver's review in this Focus On special issue for details).
Live cell imaging has recently been adapted to investigate the processing of miRNAs in distal dendrites of neurons. Sambandan et al. [89] introduced a fluorophore in the double-stranded backbone of the miRNA together with quencher to the loop region of the precursor miRNA. Upon processing of the miRNA fluorescent probe by Dicer, the loop region with the quencher gets excised and the fluorophore is no longer quenched. This clever approach allowed to show not only that the processing of the precursor miRNA to a mature miRNA does not take place exclusively in the proximal soma but it can also be regulated in an activity-dependent manner at single synapses, as glutamate uncaging revealed [89] .
Local translation of single molecules
Localization of an mRNA precedes local protein synthesis at the final destination [2, 36] . Until recently, it was a mystery how local translation is actually regulated. Now, several techniques have been developed to study local translation of transcripts in living cells. The use of a reporter construct expressing the photoconvertible protein Dendra fused to regulatory sequences of the transcript of interest enables the visualization of newly synthesized proteins [90] . A laser pulse converts all Dendra proteins (excitation in green) in the area of interest toward a red-shifted fluorophore. Newly synthesized proteins upon photoconversion can therefore be identified by the green color as they show the original emission spectrum. This technique was used to show local translation at the end foot from cortical radial glial cells [87] . However, one drawback of this technique is the background of pre-existing protein due to diffusion from the surrounding areas. Another dual color approach termed TRICK, translation RNA imaging by coat protein knockoff [91] , allows to visualize the first round of translation of single transcripts. The RNA is dually labeled with both PP7 and MS2 stem loops, the first before and the latter after the stop codon. During translation, the fluorescently labeled PP7-binding protein is displaced by the ribosome, while the MCP remains bound to the messenger. Translated transcripts can therefore be conveniently distinguished from untranslated ones by dual color imaging. Now, several independent groups reported a new and fascinating strategy to visualize nascent proteins in living cells [92] [93] [94] [95] . Here, a repetitive epitope, such as the SunTag [96] or FLAG-tag, is added to the N terminus of the ORF and it is immediately recognized by a fluorescently labeled single-chain antibody upon translation in cellulo. The simultaneous recording of both the mRNA (using the MS2 or PP7 system) and the nascent protein in parallel allows for the first time to visualize live the whole translation process of single mRNA molecules. This smart technique could help to decipher the spatiotemporal regulation as well as the key players involved in local translation of single mRNAs, especially in morphologically complex cells such as neurons. Together with the local activation of single synapses by photolytic uncaging of glutamate [97] , the new set of tools will enable the simultaneous investigation of the activity-dependent regulation of mRNA localization and local translation and how these contribute to synaptic plasticity.
The neurons speech
Alternative splicing and mRNA localization in neurons
In polarized cells, mRNAs are transported along the cytoplasm to a specific location, e.g., next to the plasma membrane, or in the case of neurons, to dendrites near synapses. This enables local regulation of protein synthesis in specific cellular compartments. Cis-acting regulatory elements present within the 3 0 -UTRs of the mRNAs usually mediate their transport [98] . The cisacting regulatory elements involve specific RBPs that associate with the mRNAs, forming a ribonucleoprotein particle (RNP) that directs mRNA transport and translation [2] . In Drosophila, the 3 0 -UTR of oskar mRNA mediates localization of the mRNA to the posterior pole of the oocyte which is essential for the proper germ cell formation in the fly embryo [99] . In mammalian cells, several examples of mRNA localization in neurons have been recently described [36, 100, 101] . Importantly, misregulation of mRNA localization in neurons is most likely detrimental to cells. Therefore, there is growing evidence that mRNA dysregulation is associated with many neurological diseases, e.g., fragile X syndrome, epilepsy, or frontotemporal dementia [102, 103] .
Numerous mRNAs are enriched in neuronal processes, including mRNAs that are important for synaptic plasticity and neuronal signaling in response to stimuli [104] . However, the RNA determinants that govern mRNA localization are still largely unknown. Here, APA and AS can define the localization of the transcripts and even carefully balance their relative expression levels. This has been shown for Cdc42, a Rho-family GTPase basic for actin cytoskeleton organization and cell polarity, that regulates axon outgrowth during neuronal differentiation [105, 106] . The Cdc42 gene has several isoforms with distinct C-terminal regions, due to the AS of exons 6 and 7. The exon 6-containing isoform is enriched in the nervous system and the protein is localized to dendritic spines and has an important role in spine morphogenesis [107] . The Cdc42 exon 7-containing isoform is involved in axon outgrowth. The ratio between exon 6-and 7-containing isoforms of Cdc42 is tightly regulated by the splicing factors Ptbp1 and Ptbp2 and their balanced coexpression and it can produce defects in both axonal and dendritic compartments [108] . In a recent publication, Taliaferro et al.
[23] were able to mechanically fractionate mouse neurons using porous membranes that allow neurite projection growth through the membrane [109] . After RNA extraction and poly(A) selection sequencing, the authors identified those mRNAs that are differentially located in the soma and in neuronal processes of primary mouse cortical neurons. The transcripts with alternative mRNA isoforms were enriched in neuronal processes, especially those containing APA sites that result in long 3 0 -UTRs ( Fig. 2A) and ALE that yield distinct 3 0 -UTRs (Fig. 2B) . Moreover, mRNA isoforms generated by usage of ALE were even more abundant than isoforms resulting from APA. FISH experiments subsequently confirmed that transcripts with distal ALE localize to neuronal processes while the corresponding transcript with the proximal ALE did not. mRNA isoform localization to neuronal processes was induced during neuronal differentiation and mRNAs were enriched in motifs for the muscle-blind-like (Mbnl) family of RBPs [110] . The depletion of Mbnl proteins followed by mechanical fractionation and sequencing of the differentially localized mRNAs proved that the absence of the protein reduced the localization to the neuronal processes for many transcripts. In this regard, intronretained sequences can also function as specific localization motifs within the 3 0 -UTR. A set of transcripts showed that the retention of short interspersed repetitive elements (SINE) derived from the lncRNA BC1 can mediate dendritic localization in neurons (Fig. 2C ) [111] .
Furthermore, activity-dependent changes in transcript levels can occur at the stage of AS, tuning the relative abundance of transcript variants produced from individual genes [112] . However, this has been related to the response to cellular stress, such as DNA damage [113] . Recently, a new mechanism has been described that can ensure tight control and rapid transcript availability upon neuronal stimulation [28] . Specific populations of mRNAs that are enriched in stable intron retention events are stored in the nucleus. After neuronal activation, these transcripts undergo intron excision, which now allows for export to the cytoplasm, where they are available for translation within minutes (Fig. 2D) .
Altogether, changes in mRNA isoforms by AS, providing distinct UTRs by APA or intron retention within the UTR, are exquisite tools provided by the cell to coordinate the regulation of function-related mRNAs. This method allows the cell to change the availability and the location of the transcripts by just changing the splicing events or the length of the UTR. In this regard, the splicing machinery, specifically Ptbp1 and Ptbp2 [31], can be functionally relevant, providing distinct alternative isoforms, e.g., during development or synaptic remodeling in the context of learning and memory. Therefore, with minimal effort, the cells are able to control the localization of key mRNAs, in response to environmental stimuli.
Local and activity-dependent translation in neurons
Neurons are dramatically polarized cells, highly compartmentalized into axonal and dendritic processes. Their connections with other neurons, the synapse, can be structurally changed by activity-dependent queues, resulting in synaptic plasticity. This activity-dependent process relies on transport of mRNAs and de novo synthesis of proteins [114] . Synaptic activity triggers the recruitment of mRNAs, and their associated transfactors, such as RBPs or miRNAs, in the form of mRNPs-from the cell body into distal dendrites [115] usually in a translationally repressed state [36, 116] . The translational repression of these localized mRNAs is essential for the precise regulation of local expression in subcellular compartments [117] . Upon synaptic activity, mRNPs can be disassembled and specific transcripts are then accessible to the translation machinery available within the synapse [36] . Studies of mRNAs in hippocampal neurons have identified a high number of transcripts enriched in dendrites [104] . Moreover, the localization of several targets has been directly linked to activity of the synapse within the neuron, including b-actin [118] , AMPA receptor GluA2 after activation by DHPG [119] , or Calm3 after depolarization by NMDA treatment (T. Sharangdhar & M. Kiebler, personal communication).
Brain-derived neurotrophic factor (BDNF) transcripts are involved in a broad spectrum of brain functions, including neuronal survival and synaptic plasticity and are implicated in several neurological and psychiatric disorders. BDNF mRNAs are alternatively polyadenylated leading to two distinct BDNF mRNAs, with a short and a long 3 0 -UTR isoform. In cultured hippocampal neurons, the short 3 0 -UTR-containing transcript is restricted to the soma and proximal dendrites and is predominantly translated in resting conditions. In contrast, the long 3 0 -UTR-containing transcript localizes into distal dendrites and is sequestered into translationally repressed complexes [120, 121] . Reporters containing the long or short BDNF 3 0 -UTR differentially govern BDNF translation to accommodate neuronal activity changes [121, 122] . In this direction, a recent paper in Aplysia sensory neurons has shown by FISH that sensorin mRNA localization is independent from local stimulation [123] , while its local translation is selectively activated in response to stimuli [117] . These results support the 'RNA signature' concept, where specific mRNAs packaged into different types of mRNPs [124] are constantly patrolling dendrites along microtubules and only upon synaptic stimulation, particular transcripts are released from their mRNPs, becoming available for local translation within the synapse [85] .
Alternative splicing, intron retention, and APA are enriched in axonally localized transcripts from retinal ganglion cells (Fig. 2) [125] . Using axon-TRAP-RiboTag, followed by deep sequencing revealed the dynamic translatome of two distinct compartments of the cell, the axon and the soma. Those transcripts that contain axon-specific alternative first or last exons were shown to be translationally upregulated in the axons compared to the cytoplasmic transcripts.
Overall, the regulation of the localization of a given transcript to a specific cellular compartment and its subsequent translation is the result of integrating different signals from the environment together with those present within the transcript and through the complex interaction with several RBPs.
Alternative polyadenylation defining the interactors of the encoded protein
UTRs are not just used as a platform for RBPs to be able to regulate the transcript during development, proliferation, or differential expression in distinct tissues.
Recently, UTRs have been described as scaffold areas that control protein localization as well. This is the case of CD47, a cell surface protein that acts as a marker of self, protecting the cells from phagocytosis by macrophages [126] . This protein is also expressed in the cytosol, next to the endoplasmic reticulum (ER). Berkovits and Mayr [127] found that CD47 transcripts can be present as two different isoforms obtained by APA. Interestingly, the localization of the final protein depends on the length of the 3 0 -UTR. The long 3 0 -UTR leads to expression of a cell surface CD47 protein, whereas the short 3 0 -UTR-containing transcript is translated into the cytoplasmic CD47 protein. The cell surface protein expression is independent of mRNA localization, as both transcripts were predominantly distributed around the ER. The authors hypothesized that the long 3 0 -UTR of CD47 transcript acts as a scaffold for RBPs, such as HuR and SET4, recruiting them to the translation site at the ER. At the ER, the nascent cytoplasmic domains of CD47 protein interact with SET, recruited by the 3 0 UTR, and translocate CD47 into the ER. Tethering HuR to the short isoform was sufficient to redirect the reporter expression from the cytoplasm to the plasma membrane. This has functional consequences: cells with high CD47 surface levels are protected from phagocytosis by macrophages, whereas cytosolic CD47 restores apoptosis. Therefore, the use of different 3 0 -UTR isoforms may allow the same protein to exert distinct functions. It will be interesting to determine whether the scaffold function found in CD47 transcript is a general mechanism, also used by other transcripts, to recruit effector proteins to the translation site, e.g., the synapse.
Conclusions and perspectives
Several questions arise when gene expression levels in distinct tissues are compared. One clear answer is the existence of different transcript isoforms which are only expressed in one or the other tissue, a property that is widely conserved across evolution [42, 128, 129] . Alternative splicing and APA provide an efficient mean for maximizing the protein-coding capacity of eukaryotic genomes by altering the length and composition of the CDSs and 3 0 -UTRs for the same gene [42, 130] . Since Sandberg et al.
[4] discovered that proliferating tissues usually harbor transcripts with shorter UTRs than those with more differentiated cells, e.g., those found in the CNS, the search for the role of this lengthening of the UTRs and its regulation began. Now, we know that transcripts whose proteins have roles in development, morphogenesis, neurogenesis, and signal transduction express longer 3 0 -UTRs than those transcripts that encode for proteins involved in metabolism, ribosomal proteins, or RNA processing [131] . 3 0 -UTRs contain the highest density of regulatory motifs contributing to mRNA stability, localization, and translation, often preserved during evolution [11, 42, 132] . Not surprisingly, numerous transcripts encoding ion channels or transporters are specifically enriched among those genes expressing the longest 3 0 -UTR extension in the brain. It is important to highlight that ion channels require the coordinated association of several protein subunits to be able to build a functional channel. Therefore, transcript abundance may be tightly regulated to ensure proper channel assembly. This means that by increasing the length of the 3 0 -UTR, the system can provide new binding sites for RBPs or miRNAs coordinating the expression level of the mRNAs by altering RNA stability or translation. In this case, transcripts that belong to the same pathway or that are functionally related show a significantly higher percentage of binding sites for miRNA families so the relative abundance of all the ion channel/transporter transcripts can be coordinated by miRNA-mediated cross-talk between transcripts [133] .
Fifteen years ago, it was thought that a unique and simple 'messenger' molecule was able to transfer the information coded in the DNA to a functional protein. Now, this mechanism is challenged. With all the new information integrated into this simplistic model, we can clearly appreciate that the cell not only depends on the DNA to codify the information but it is also able to reorganize fast and specifically the transcriptome to adapt itself to the surrounding conditions, depending on the tissue, developmental stage, stress, and even activity state. Therefore, the fate and the function of single molecules cannot be deciphered from just genome-wide data. Recent advances in imagingbased techniques are opening new roads in the way we know how transcripts are regulated; however, functional assays on individual molecules need to be performed, so we can be able to unravel more about the complex life of mRNAs.
